
N A  S A T E C H N I C  

R E P O R T  

A L N A S A  " - T R  
" 

& . /  

R-231 
-..- 

THE ELECTROMAGNETIC TORQUES 
O N  SPHERICAL EARTH SATELLITES 
IN A RAREFIED PARTIALLY 
IONIZED ATMOSPHERE 



TECH LIBRARY KAFB. NY 

THE  ELECTROMAGNETIC  TORQUES ON SPHERICAL  EARTH  SATELLITES 

I N  A RAREFIED  PARTIALLY  IONIZED  ATMOSPHERE 

By Frank Hohl 

Langley  Research  Center  
Langley  Station,  Hampton,  Va. 

NATIONAL  AERONAUTICS AND SPACE ADMINISTRATION 

For  sale by the  Clearinghouse for Federal  Scientific  and  Technical  Information 
Springfield,  Virginia 22151 - Price $3.00 



I 

THE ELECTROMAGNETIC TORQUES ON SPmICAL EARTH SATEJJIJITES 

By Frank Hohl 
Langley  Reseal-ch  Center 

A theoretical  investigation  has  been  made  of  the  torques  acting,  as  a 
result of electromagnetic  interaction, on spherical  conducting  earth  satel- 
lites.  The  analysis has been  applied to the  41-meter-diameter  satellite 
Echo II (1964 4A), which  is  in  a  near  polar  circular  orbit.  The  calculations 
have  yielded  quantitative  values  for  the  accelerating  and  the  decelerating 
torques. A probable  explanation  of  the  nearly  constant  spin  rate  of  Echo 11 
for  a  long  period  of  time  is  that  the  eddy-current  torque  and  the  induction 
torque  were  in  balance.  Other  torques are shown to be  negligible in comparison 
trith  these  two. 

IPIRODUCTION 

For a number  of  scientific  experiments  aboard  artificial  earth  satellLtes, 
a knowledge of the  satellite  motion  about  its  center of mass  is  required.  The 
determination  of  the  satellite  motion is a complicated  problem  and many factors 
must  be  accounted  for.  Especially,  the  torques  acting  on  the  satellite  must  be 
known. It  is  also  of  interest  to  calculate  the  torques  on  a  satellite  to 
determine  whether  these  torques  are  large  enough  to  explain  the  fluctuation  in 
the  spin  rate  observed for some  satellites - for  example,  the  change of the  spin 
rate  of  Sputnik I (1957 Alpha 2) reported  in  reference 1. The  present  paper 
reports  a  theoretical  investigation  of  the  torques  acting  on  a  spherical  arti- 
ficial  earth  satellite as a result of electromagnetic  interaction  with  the 
ionized  atmosphere  and  the  earth’s  magnetic  field.  Apparently,  some  of  the 
sources  of  torque  have  not  been  considered  heretofore. In the  course  of  the 
calculations,  the  currents  flowing in the  satellite h u l l  are  also  determined. 
A  knowledge of these  currents  may  be  desirable  since  they  can  Influence  certain 
scientific  experiments  aboard  the  satellite. 

The  present  theory is  applied  to  the  41-meter-diameter  satellite  Echo I1 
(1964 4A). Calculation  of  and  numerical  results  for  the  various  torques  acting 
on  this  satellite  are  presented.  One  peculiar  aspect  of  Echo I1 is  that  the 
period of rotation  of  this  satellite  remained  very  nearly  constant  at  about 
100 seconds f o r  a  period  of 280 days  after  launch.  However,  it  is  well  known 
that  the  spin  rate  of  the  satellite  as  it  spins  in  the  earth’s  magnetic  field 



should  be  reduced by eddy-current  damping  with a time  constant of only  a  few 
months.  Thus,  one  is  forced  to look f o r  accelerating  torques  to  explain  the 
nearly  constant  spin  rate of Echo 11. The  initial  spin-up  of  the  satellite 
cannot  be  attributed  to  the  torques  calculated  in  this  report.  It  is  thought 
to  be  due  to  escaping  gas  from a probable  rent  in  the  satellite  during  and 
shortly  after  inflation. 

The  information  on  the  construction  and  the  spin  rate of Echo I1 was 
obtained  from  an  unpublished  post  launch  account  and  analysis of the perfom- 
ance of Echo I1 prepared  by  the  Goddard  Space  Flight  Center. 

SYMBOLS 

The mksAK system  of  units  is  used  herein. 

A area 

B magnetic  induction 

e charge  on  proton 

1 9  J J ~  unit  vector  in x-, y-, and  z-direction,  respectively 
.?e,=- 

i electric  current 

j electric  current  density 

J moment  of  inertia 

k Boltzmann  constant 

m mass of particle 

M magnetic  dipole  moment 

n  number  density 

P power 

Q charge  on  satellite 

rJ 0 ,  spherical  coordinates 

R resistance 

S surface  resistivity 

t  time 

T torque or temperature 
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v 

E 

PO 

V 

P 

d 

velocity 

Cartesian  coordinates 

axes 

angle  defined by equation (3) 

satellite  colatitude 

current  flux  function 

change  in  effective  satellite  radius  defined by equation (9) 

angle  defined  in  figure 10 

quantity  defined by equation (ll) 

free  space  dielectric  constant 

quantity  defined  by  equation (61) 

quantity  defined  by  equation (63) 

quantity  defined by equation (7) 

radial  distance  from  center  of  satellite  in  Debye  lengths 

angle  between  satellite  spin  axis  and  magnetic  field 

Debye  length, rzr'2 
permeability  of  free  space 

convergence  parameter  defined  by  equation ( 5 0 )  

mass density 

surface  charge  density 

inclination  of  current loop to z-plane (see  fig. 13) 

electric  potential 

satellite  potential  on a circumference  where (?s X .') rs = 0 -3 
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(3 magnetic flux 

0) angular  velocity 

Subscripts : 

a 

e 

ef f 

E 

i 

m 

n 

P 

S 

x, Y, z 

8 ,  J, 

ambient 

electron 

effective 

earth 

ion 

summation  index 

normal component or summation  index 

photoemission 

satellite 

x,y,  and z components 

8 and Jr components 

Mathematical  notation: 

4 vector 

h unit  vector 

0 average  over  one  earth  orbit 

I I  absolute  value 

SATELLITE ENVIRONMENT AND CONSTRUCTION OF ECHO I1 

Echo I1 (1964 4A) is  at  an  average  altitude  of  about 1200 km and  is  in a 
near  circular  polar  earth  orbit.  Table I shows  some  of  the  pertinent  parameters 
of  the  atmosphere  for  an  altitude  of 1200 kilometers.  Atmospheric  density,  ion 
density,  and  temperature  have  been  taken  from  Hanson  (refs. 2 and 3 )  and Johnson 
(refs. 4 and 5). It  is  difficult  to  assign a definite  temperature  to  the  elec- 
trons  and  ions  at  the  altitude  of  interest  for  the  present  calculations. 
Satellite  data  indicate  that  the  temperature  and  density  at  high  altitudes  vary 
considerably  with  the  ll-year  solar  cycle  and  also  with  the  time  of  day.  Since 
the  results  are  to  be  compared  with  satellite  data  obtained  near  the  minimum  of 
the  ll-year solar cycle,  an  ion  temperature  of 1000° K has  been  chosen.  There 
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i s  evidence that the  electron  temperature i s  higher  than  the  neutral  gas tem- 
perature  (refs.  3, 6 ,  and 7). For this reason  an  electron  temperature of 
16000 K was used in   the   ca lcu la t ions .  

Assumptions underlying  the  present  investigation are t h a t   t h e   s a t e l l i t e  
consists of a conducting  nonferromagnetic  spherical  shell and t h a t   t h e   s a t e l l i t e  
dimensions are   large compared with a Debye length. By using  the  equations  given 
by Spi tzer   ( ref .  8) t o  determine  the  collision  times  for  ions and electrons,   the 
mean free '   paths  for  ions and electrons at an a l t i t u d e  of 1200 kilometers  are 
shown i n   t a b l e  I t o  be much la rger   than   the   sa te l l i t e  dimensions. Also, the 
number of revolutions  about  the  magnetic  f ield  l ines between col l is ions i s  
large  for   both  e lectrons and ions. Thus, the  assumptions  that  there  are no 
col l is ions and that the charged pa r t i c l e s  moye along  the  magnetic  f ield  l ines 
a re   jus t i f ied .  Another  assunrption i s  that  the  ions  are  singly  ionized so that 
niYa = neYa.  Experimental r e s u l t s  by  Bourdeau, n i p p l e ,  Donley,  and  Bauer 
( r e f .  9) obtained from the  Explorer VI11 (1960 X i  1) s a t e l l i t e  support  the 
assumption  used herein  that   the   e lectrons and the  ions have  Maxwellian velocity 
dis t r ibut ions.  

Since a s a t e l l i t e  cannot sustain a net  current  f low  to  or from the  ionized 
atmosphere, the  net   f lux of i ons   t o   t he   s a t e l l i t e  must equal  the  electron  flux. 
Since  the  thermal  velocity of the  electrons i s  much greater  than that of the  
ions,   the   satel l i te   wil l   acquire  a negative  potential. If there i s  consider- 
able photoemission, however, t h e   s a t e l l i t e  may acquire a posit ive  potential .  
The method for   calculat ing  the  ion and electron  accretion by  the  satel l i te  i s  
similar t o   t h e  method described  by Hohl and Wood in  reference 10. 

Some of the  parameters  pertaining  to Echo I1 are  presented  in  table I. 
Echo I1 i s  a spherical   shel l  of aluminum f o i l  4.6 X 10-6 meter thick bonded t o  
both  sides of Mylar polyester   f i lm 8.9 X meter  thick. There i s  no elec- 
t r i ca l   con t inu i ty  between the parts of the  inner aluminum layer.  By using  the 
thickness of the  outside aluminum layer of t h e   s a t e l l i t e  and t h e   r e s i s t i v i t y  of 
aluminum a t  3 1 3 O  K (3.1 X ohm-meter), the   sur face   res i s t iv i ty  S i s  found 
t o  be 6.7 X 10-3 ohm. 

The radius of  Echo I1 i s  20.5 meters  and the mass of t h e   s a t e l l i t e   i s  
252.9 kilograms. The s a t e l l i t e   r o t a t e s  a t  a r a t e  of about  0.063  radian  per 
second. Data received from two beacons  located 180° apart  on the  equator of 
Echo I1 indicate   that   the   spin axis of t h e   s a t e l l i t e  i s  relatively  f ixed  with 
respect  to  both space and the  satell i te.   Evaluation  of  the data a t  the Goddard 
Space Flight  Center  also  indicates  that   the  spin  axis i s  roughly p a r a l l e l   t o  
the   ear th ' s  magnetic  dipole axis. With respec t   to   the   sa te l l i t e ,   the   sp in   ax is  
i s  roughly normal t o  a plane which contains  the  line  connecting  the two beacons 
a t  the  satel l i te   equator .  Thus, it i s  not  determined  whether  the s a t e l l i t e  
spin axis points   through  the  satel l i te   pole  caps, or l i e s   i n  a plane  containing 
the   sa te l l i t e   equa tor ,  or l i e s  anywhere between these two extremes. 
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QUALITATIVE DESCRIPTION OF ELECTFiOMAGNE=CIC  TORQUES 

For the  purpose  of  calculating  the  electromagnetic  torques,  the  earth's 
magnetic  field  can  be  approximated  by a dipole  field.  However,  over  the 
dimensions  of a satellite  the  earth's  magnetic  field  can  be  taken  to be plane 
parallel  in a direction  determined by the  direction  of  the  earth's  dipole  field. 
The  approximation of the  earth's  magnetic  field by a dipole  field  can  be  used 
until  effects  of  the  solar  wind  destroy  the  dipole  field.  The  effects  of  the 
solar wind  are  predominant  at  altitudes  over  about 9 earth  radii.  Thus,  the 
dipole  approximation  should  be  valid  out  to  several  earth  radii. 

The  electromagnetic  torques  acting  on a satellite  can  be  divided  into  two 
types.  Torques  of  the  first  type  result  from  the  interaction  of  the  metallic 
satellite  hull  with  the  earth's  magnetic  field.  The  relative  motion  of  the 
satellite  with  respect to the  earth's  magnetic  field may induce  currents  in  the 
satellite hull; these  currents  can  then  interact  with  the  earth's  magnetic 
field  to  produce  torques. Also, as  the  satellite  passes  across  lines  of  force 
of  the  earth's  magnetic  field,  a  polarization  of  the  satellite  occurs.  This 
polarization  results  in  a  nonuniform  surface  charge. If the  satellite  now 
rotates  about  its  spin  axis,  the  surface  charge will keep  its  orientation  with 
respect to the  magnetic  field  and  the  satellite  velocity  vector  and  thus  con- 
stitute  a  motion  of  electric  charge  relative to  the  conducting  shell.  The 
Joule  heat  dissipated  by  the  current  can  be  shown  to  come  from  the  energy  of 
rotation  of  the  satellite.  Thus,  the  first  type  of  torque  represents  a  damping 
torque  acting  on  the  satellite  and  would  be  present  even  if  the  satellite  were 
moving  in a nonionized  atmosphere. 

Torques  of  the  second  type  result  from  the  interaction  of  the  satellite 
with  the  ionized  atmosphere  in  the  presence  of  the  earth's  magnetic  field. 
These  torques  are  the  Coulomb  torque  and  the  induction  torque.  The  Coulomb 
torque is due to unsymmetrical  accretion  of  electrons  and  ions. If the  satel- 
lite  velocity  is  parallel  to  the  earth's  magnetic  field or if  there  is  no  mag- 
netic  field,  the  satellite  is  unpolarized  and  the  satellite cross section  for 
ion  impingement  is  as  shown in  figure 1. As indicated,  the  negative  charge  on 
the  satellite  causes  the  cross  section  for  ion  impingement  to be increased 
symnetrically so that  no  Coulomb  torques  are  developed. If, however,  the  satel- 
lite  moves  across  lines  of  force  of  the  earth's  magnetic  field,  it  becomes 
polarized  and  the  cross  section  for  ion  impingement is increased  on  the  more 
negative  side  of  the  satellite  and  decreased  on  the  more  positive  side,  as 
shown in  figure 2. The  unsymmetrical  impingement  of  ions  produces a torque. 
As was  indicated by Hohl  and  Wood  in  reference 10, the  momentum  transferred  by 
the  ions  that  are  scattered  but  that  do  not  impact  the  satellite  is  negligible 
compared  with  the  momentum  transferred by  the  ions  that  impact  the  satellite 
as a result  of  the  increase  in  effective  cross  section  due to the  charge  on  the 
satellite. It should  also be noted  that  electrons  contribute  a  negligible 
amount  to  the  Coulomb  torque,  since  the  electrons  impinge  on  the  satellite  from 
two  sides  along  the  magnetic  field  lines  and  the  electron  mass  is  much  smaller 
than  the  ion  mass. 
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The induction  torque i s  t h e   r e s u l t  of currents   f lowing  in   the satel l i te  
hu l l  due to   p refer red   accre t ion  of e lectrons or ions on cer ta in   port ions of t he  
satel l i te  surface. The induction  torque i s  i l l u s t r a t e d   i n   f i g u r e  3. Ions 
impinge primarily on the   f ront   por t ion  of the  satell i te,   being  concentrated 
somewhat  on the  more negative  side of the   sa te l l i t e   because  of the  increased 
cross   sect ion  for   ion  intercept ion.   Electrons moving 'along  the  magnetic f i e l d  
l i n e s  impinge on t h e   s a t e l l i t e   p r i n c i p a l l y  on the   s ide  which i s  more posi t ive.  
Qual i ta t ively,  the current i s  then as ind ica t ed   i n   f i gu re  3; i n  general, the 
resu l t ing  j X B force  does  not  pass  through  the  center of t h e   s a t e l l i t e  and 
therefore  it exer t s  a torque on t h e   s a t e l l i t e .  The energy  put  into  rotation i s  
taken  from  the  kinetic  energy  associated  with  the  satell i te motion  around  the 
ear th .  

+ +  

A nonelectrodynamic  torque of i n t e r e s t  i s  the  aerodynamic torque due t o  
the   s a t e l l i t e   sp in .  It i s  est imated  herein  in   order  t o  be compared with  the 
other  torques.   In  the  calculation done i n   t h i s   r e p o r t   t h e   s a t e l l i t e   s p i n  vec- 
t o r  i s  pointing  in  the  negative  z-direction shown i n   f i g u r e s  4 and 5.  

In   t he  absence of photoemission,  an a r t i f i c i a l   e a r t h   s a t e l l i t e  w i l l  
acquire a net  negative  charge. The reason  for   the  acquis i t ion of the  negative 
charge i s  that  for  an  uncharged body moving a t  sa t e l l i t e   ve loc i ty   t he   r a t e  of 
accretion of e lectrons i s  much greater   than  that  of ions  because  the  thermal 
veloci ty  of the  e lectrons i s  much higher  than  the  velocity of t h e   s a t e l l i t e  or 
the  thermal  velocity of the  ions.  To keep  the  ra te  of electron  accretion  equal 
t o  that  of ion   accre t ion ,   the   sa te l l i t e  w i l l  acquire a negative  potential .  

The equilibrium  potential  of t h e   s a t e l l i t e  i s  obtained  by  setting  the sum 
of the  e lectron  current  and the  ion  current t o  t he   s a t e l l i t e   equa l   t o   ze ro  - 
t ha t  i s ,  

ii + ie = 0 

It i s  assumed t h a t  upon s t r ik ing   t he   s a t e l l i t e   su r f ace   t he   i ons  become neutral-  
ized and e i the r   s t i ck   t o   t he   su r f ace  or are   re f lec ted  or reemitted as neut ra l  
pa r t i c l e s .  

Experimental  results of Hagstrum ( re f s .  11, 12, and 13) show that ions 
s t r ik ing  a metal   surface w i l l  be  neutralized  by Auger charge exchange with  an 
eff ic iency of nearly 100 percent. The experiments by Hagstrum a lso   ind ica te  
that when the   i ons   s t r i ke  the metal  surface some secondary  electrons  are  pro- 
duced. In  the  calculations  that   follow,  these  secondary  electrons  are 
neglected. 

To determine  the  ion  and  the  electron  currents t o  t h e   s a t e l l i t e ,  it i s  
necessary t o  specify  the  or ientat ions of the  magnet ic   f ie ld ,   the   satel l i te  
velocity  vector,  and the  coordinate  system t o  be  used. This information i s  
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contained i n  figure 4. The earth  coordinate system i s  f ixed  with i t s  or igin at 
the earth's center. The sa te l l i t e   coord ina te  system has i t s  or igin a t  t h e  
center of the  spherical  satell i te and the  Zs and X, axes  remain always 
parallel t o   t h e  ZE and XE axes, respectively.  Since  the satell i te i s  taken 
t o  be i n  a c i rcu lar   po lar   ear th   o rb i t  a t  an   a l t i tude  o f  1200 kilometers,  the 
e a r t h ' s   d i p o l e   f i e l d   i n   t h e   s a t e l l i t e   c o o r d i n a t e  system, as determined from the  
information in   r e f e rence  14, i s  

+ h 
B = BaI -i3 cos j3 s i n  /3 + k (1 - 3 COS2j3)l 

h 

(2) 
L 

with Ba = 1.9 X 10-7 weber per  square  meter. The 
i s  given  by 

t an  a = - 3 cos j3 s i n  j3 

1 - 3 cos2p 

2 

angle a shown i n  figure 4 

The condi t ions  for  Echo I1 a re  such tha t   t he   i nequa l i t i e s  Ve >> Vs and 
Vs > > V i  can  be assumed t o  hold.  In  reference 15, t h e  second inequal i ty  i s  
shown t o  result in   an   e r ror   in   ion   acquis i t ion   ra te  of  o n l y  4 percent on the  
f ron t  and 4 percent on the   r ea r  of t h e  satell i te at an   a l t i tude  of 1200 k i lo-  
meters. The kinet ic- theory  different ia l   expression for t he   f l ux  of p a r t i c l e s  
along  the  magnetic f i e l d  l i n e s   i n  one direction  (with  velocit ies  along  the 
f i e l d   l i n e s  between V and V + dV) i s  

dje  = -ena(&7"V exp(-)dV 

TO obtain  the  e lectron  current   densi ty   to   the satell i te,  equation (4) must be 
integrated between the   k ine t i c  energy limits -e$s f o r  $s < 0 and w and 
between the  limits 0 and m f o r  # s  2 0. 

The e l ec t rons   r each   t he   s a t e l l i t e  mainly  along  the  magnetic  field  lines. 
When r e fe r r ed   t o   t he   s a t e l l i t e   o r i en ta t ion  shown in   f i gu re  5 ,  the   e lectron  cur-  
rent   densi ty   to   the  spherical   surface i s  

je = -ena ( - kT )1/2 Isin e cos + s i n  a + cos a cos e( exp 
2% 

where the  t r igonometr ic   factor  comes from the  dot  product of the  unit   vec- 
t o r s  r and B and where 

h A 
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In equation 
the  induced 

#s  = #eq + 2VsB,rs cos p sin 

‘# = 1 

€# = 0 

(6) the  ohmic  potential  drop  has  been 
potential  gradient.  That  the  neglect 

0 sin Jr  

neglected  in comparison  with 
of  the  ohmic drop is  valid  is 

seen  in  a  subsequent  section  when  the  currents  flowing  in  the  satellite  hull 
have  been  determined. 

The  symbol E$ is introduced  to  limit  the maximum electron  current  that 
can  be  intercepted  by  the  surface  to  that  for  which ‘gS = 0. Increasing  the 
potential !ds above  zero  will  not  appreciably  increase  the  electron  current. 
The  general  behavior  of  the  electron  current  as  given  by  equation (5) has  been 
experimentally  verified by Bourdeau,  Donley,  Serbu,  and  Whipple  (ref. 1-6) 
except  that  they  found  a  small  reduction  in  electron  current  on  the  back  side 
of  the  satellite  which  is  probably  due  to  a  negative  charge  in  the  wake. 

The  ion  current  to  the  satellite  is  obtained  from  the  rate  at  which  the 
ions  are  swept  up  by  the  effective  satellite  cross  section  for  ion  interception 
and  is  given  by 

Ion  current  measurements  on  the  Explorer VI11 satellite  at  an  altitude  of 
1000 kilometers  are  in  good  agreement  with  the  assumption  that  the  ions  are 
incident  only  on  the  front  surface  of  the  satellite  irrespective  of  the  orien- 
tation  of  the  earth’s  magnetic  field. 

The effective  cross-sectional  area  for  ion  interception Aeff and  the 
equilibrium  potential @ can  be  determined  by  successive  approximations  as 
follows:  With  a  tentative  value  for fieq, the  potential  distribution  around 
the  satellite  is  determined.  Then,  the  ion  trajectories  are  calculated  to  give 
Aeff.  These  values  of fleq and Aeff are  then  used  to  determine  whether  the 
net  current  to  the  satellite  is zero. However,  the  result  given by Jastrow  and 
Pearse  (ref. 17) for  the  sheath  thickness  approximates  the  results  that  are 
obtained  when  the  actual  trajectories  are  calculated;  that  is,  any  ion  which 
approaches  the  satellite  with  an  impact  parameter  greater  than 

eq 



will not  be  intercepted  by  the  satellite,  whereas  any  ion  which  approaches  the 
satellite  with  an  impact  parameter  less  than rs + 6 will be  intercepted.  The 
effective  radius  of  the  satellite  for  ion  interception  is  then  approximated  by 
equation ( 9 ) .  

Comparisons  of  the  effective  satellite  radius  as  obtained  from  equation (9) 
and  as  obtained by computing  ion  trajectories  are  made in the  appendix. 

When  referred  to  the  coordinate  system  shown  in  figure 5, the  ion  current 
density  to  the  satellite  becomes 

where 

€i = 1 

The  equilibrium  potential  is  determined  from 

( 
cos p sin 8 cos $ 

- sin p cos e 2 

p sin 8 cos $ 

- sin p cos 8 < 

where  the  integration  is  over  the  spherical  satellite  surface. 

Figure 6 gives  the  equilibrium  potential  of a spherical  satellite  as a 
function  of  its  radius  (conditions  are  the  same  as  those for Echo 11) for a 
typical  value  of Vs X B. The equilibrium  potential  is a function of Vs, B, 
and rs and  decreases  nearly  linearly  with  increasing rs. If equation (12) 
is  written  explicitly,  it  can  be  deduced  that  the  equilibrium  potential will 
decrease  nearly  linearly  with  increasing B. 

" j +  

In  figure 7(a) the  equilibrium  potential  is  given  as a function  of  colati- 
tude  for  Echo 11. The  results  of f i w e  7(a)  indicate  that  for  Echo I1 the 
equilibrium  potential  can  be  approximated  by 
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and,  therefore,  the  satellite  potential  can  be  approximated by 

#s = -0.2 - 4.36 Icos + 5.67 cos p sin 8 (14) 

Fkperimental  results  show  that  the  effect of photoelectric  emission  is 
generally  not  negligible;  therefore,  photoemission  should  be  included  in  the 
calculations.  Chang  and  Smith  (ref. 18) and  Brundin  (ref. 19) have  calculated 
the  photoelectric  emission from a satellite by considering  the  radiation  inci- 
dent on the  satellite  and by usidg an appropriate  absorption  coefficient  and 
work  function.  However,  since  experimental  measurements  of  photoemission  are 
available,  the  measured  currents  can  be  used  to  determine  the  effects of photo- 
emission  on  the  equilibrium  potential  and  on  the  torques.  Considering  the 
results  obtained  by  Bourdeau,  Donley,  Serbu,  and  Whipple  (ref. 16) from 
Explorer VIII data, a reasonable value for  the  photoelectric  current  is 
5 X 10-5 ampere  per  square  meter. If the  satellite  is in sunlight,  the  equi- 
librium  potential  is  obtained  from 

The  resulting 
figure 7(b). 
as 

equilibrium  potential  as a function  of  colatitude  is  given  in 
The  equilibrium  potential  with  photoemission  can  then  be  written 

I,, = -0.165 - 1.688 [cos P( (16) 

If the  satellite  surface  has a positive  potential,  the  photoelectric  emission 
current  will  be  reduced.  The  dependence  of  the  photoelectric  emission  current 
on  the  positive  satellite  potential  has  been  neglected  in  the  foregoing  calcu- 
lations.  Since  most  of  the  satellite  surface is always  negative,  the  error 
introduced  should  not  be  large. 

RETARDING  TORQUE DUE TO SURFACE  CHARGE 

The  induced  potential  gradient  on  the  satellite  is Vs X B. Thus,  there 
"3 

exists a potential  difference  across  the  satellite  which  equals  the  induced 
potential  difference  minus  the  ohmic  voltage  drop;  this  ohmic  voltage  drop, 
however,  is  negligible.  Therefore,  the  potential  difference  across  the  satel- 
lite  is  given  by 



The  maximum  potential  induced  across  Echo I1 (over  the  earth's  poles)  is 
found  to  be  about ll volts. The potential  difference  polarizes  the  satellite 
by producing a surface  charge. A s  the  satellite  rotates,  the  orientation  of 
the  surface  charge  with  respect  to  the  earth's  magnetic  field  and  the  satellite 
velocity w i l l  remain  the  same.=  Thus,  there  is  an  electric  current  over  the 
satellite  surface.  The  resulting  Joule  losses  tend  to  reduce the,rate of  rota- 
tion  of  the  satellite. 

To obtain  the  surface  charge,  the  potential  distribution  through  the 
sheath  could  be  calculated  numerically.  However,  if  it  is  assumed  that  the 
satellite  is  in  vacuum,  the  variation  of  potential  around  the  satellite  is 
given  by a solution  (ref. 20) of  Laplace's  equation - namely, 

where  the  orientation  of  the  satellite  coordinate  system  has  been so chosen 
that Vs is  along  the  Y-axis  and B is  along  the  X-axis.  Inasmuch  as  the 
surface  charge  density 6 is  equal  to  the  normal  component  of  the  dielectric 
displacement  at  the  surface, 

-9 + 

To  determine  the  maximum  torque,  the  satellite  is  assumed  to  rotate  about 
the  Y-axis,  because  the  resulting  flow  rate of surface  charge is %hen a maximum. 
In the  coordinate  system  in  which  the  surface  charge  is  at  rest,  the  surface 
current  density  due  to  the  satellite  rotation is 

-3 h 

j = 2 ~ ~ V , B r , t u  cos 0(2  cos 0 - k sin 0 cos 

The rate  at  which  the  current  liberates  Joule  heat  is 

The  energy  source  for  the  Joule  heat  is  the  kinetic  energy  of  the  rotating 
shell.  Differentiating  the  equation  of  kinetic  energy  for  the  rotating 
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spherical  shell  gives 

and  thus  the  corresponding  decelerating  torque  is 

In equation (23), the  parameters  pertaining  to  Echo I1 have  been  used. For any 
reasonable  value  of (0, the  decelerating  torque  is  completely  negligible  in 
comparison  with  other  torques  that  are  considered  herein. 

RETARDING TORQUES DUE TO EDDY CURRENTS 

It  is  well known that  in  the  presence  of  a  magnetic  field  the  angular 
velocity  of  a  conductor  tends  to  be  decreased  (ref. 21). If the  satellite 
rotates  about  an  axis  parallel  to  the  magnetic  field,  no  eddy  currents  are 
induced  because  of  the  rotation.  If,  however,  the  satellite  rotates  about  an 
axis  which  has  a  component  perpendicular  to  the  magnetic  field,  eddy  currents 
are  induced  in  the  conducting  hull  of  the  satellite. A number  of  papers  have 
been  written  on  the  subject  of  eddy-current  torques  (for  example,  refs. 22, 23, 
and 24). Thus  for  Echo I1 only  the  torque  for  two  specific  orientations  are 
considered. 

The  retarding  torque  due  to  the  eddy  currents  in  a  uniformly  conducting 
spherical  shell  has  been  shown  by  Halverson  and  Cohen  (ref. 25) to  be,  when  the 
spin  axis  is  parallel  to  the  Z-axis, 

For Echo I1 S >> pours SO that,  if  the  satellite  were  uniformly  conducting, 
the  torque  would  be 

where q is  the  angle  between  the  spin  axis of the  satellite  and  the  magnetic 
field.  Since  the  satellite  spin  axis  is  along  the  Z-axis for the  present 



problem, the  angle q i s  equal   to   the  angle  a ind ica ted   in   f igures  4 and 5. 
The satel l i te   coordinate  system shown i n  figures 4 and 5 i s  t h a t  used f o r  most 
of the  calculations. On subst i tut ion of equation  (2)  for B i n  equation  (25) 
the  torque becomes 

The components of the  eddy-current  torque  for  the  parameters of  Echo I1 are  
shown in   f i gu re  8 as a function of p. Because  of symmetry the  torque i s  shown 
for  only  one-half  orbit.  

This  eddy-current  torque was calculated  under  the  assumption  that  the 
sa t e l l i t e   cons i s t s  of a uniformly  conducting  spherical  shell. However,  Echo I1 
i s  made up of 106 individual  gores which a re   e l ec t r i ca l ly  connected  only  near 
the  poles,  as shown in   f i gu re  9. Thus, a b e t t e r  approximation to   the  torque 
can  be obtained  by  assuming that  the  current  paths  are  only  along  the  gores. 

To calculate  the  eddy-current  torque  for Echo 11, the  orientation of the  
sa te l l i t e   wi th   respec t   to   the   sp in   ax is  must a l so  be  specified. Two cases of 
sa te l l i t e   o r ien ta t ion   wi th   respec t   to   the   sp in  axis are  considered:  case I - 
t h e   s a t e l l i t e  i s  spinning  about  an axis through i t s  poles;  case I1 - the   sa te l -  
l i t e  i s  spinning  about  an  axis which l ies   in   the   p lane  of the   sa te l l i t e   equa tor .  
The sa te l l i t e   o r ien ta t ion   for   case  I i s  shown i n   f i g u r e  10. Note tha t   the  
orientation of the  coordinate  system  with  respect  to  the  earth  remains as indi-  
ca ted   in   f igures  4 and 5 and tha t  B remains i n   t h e  ZX-plane as indicated  in  
f igure 10. Consider the eddy currents  f lowing  in  circles  (along  the  gores) 
through  the  poles. If it i s  assumed tha t   the  magnetic f i e l d  due t o   t h e  eddy 
currents can be  neglected,  the  magnetic flux through a r ing made up of two 
gores on opposite  sides of t h e   s a t e l l i t e  becomes 

Q, = firs B s i n  a sin $ 2 

Q, = m s  B s i n  a s i n  cut 2 

The electromotive  force  producing  current i n   t he   r i ng  i s  thus 

6 = -- = -cums% s i n  a COS cut dQ, 
at  

The resistance of the  r ing i s  

R = 2s s,"" de 
A$ s in  0 
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where E is the  angle  indicated  in  figure 10 to the  point  where  the  gores  are 
electrically  connected  to  each  other  and A$ is  the  angle  corresponding  to  the 
angular  width  of  the  gores. 

The angle E where  the  gores  are  connected  to  the  connecting  ring is 
0.03 radian.  Using  in  equation (29) this  value of' E and 6.7 X 10-3 ohm for 
the  surface  resistivity S gives  the  value  of  the  resistance R as 1.8 ohms. 
In this  calculation,  however,  the  resistance  of  the  connecting  ring  and  that  of 
the  connections  where  the  connecting  ring  is  ultrasonically  welded  to  the  gores 
were  neglected.  Measurements  on  the  backup  satellite  for  Echo I1 indicate 
that  the  average  value  of  the  resistance  at  each  connection  (not  including  the 
connections  that  were  open  circuits) was about 0.63 ohm. If this  value is 
assumed  to  be  applicable  to  the  satellite  that  was  launched,  then  the  value  of 
R to  be  used  for  the  present  calculations  should  be  increased  to 4.4 ohms. 

The  current  flowing  in a ring  consisting  of  two  gores is 

The magnetic  moment  of  the  current  is 

The  torque  on  the  ring  can  now  be  calculated  from 

-+ 
T = -%r2r,lk2sin a cos $(i cos a cos $ - j cos a sin $ - k sin a cos $) A h h 

R 
(31) 

Averaging  over $ = cot and  using B2 = Ba2@ + 3 cos2p) gives 



I 

Since  there  are 53 such  rings,  the  total  torque  on  the  satellite  is 

The  torque  given by equation (33) would  be  the  correct  torque  if  all  the 
gores  were  electrically  connected  to  the  connecting  ring.  However,  electrical 
continuity  measurements  on  the  backup  satellite  for  Echo 11 showed  that  about 
one-fourth  of  the  connections  between  the  gores  and  the  connecting  ring  at  each 
connecting  ring  represented  open  circuits  (no  continuity).  One can therefore 
assume  that  about  one-half  of  the  gores  were  not  connected  either  to  the  top or 
to  the  bottom  connecting  ring. The open  circuits will very  likely  decrease  the 
eddy-current  torque  by a factor  of  more  than 2, since  both  ends of a gore  must 
be  connected  for  eddy  current  to flow. To obtain a better  approximation  for 
the  eddy-current  torque  experienced  by  Echo 11, the  torque  given  by  equa- 
tion (33) is  divided by 3. The  factor  of 3 was  arrived  at  by  the  author  after 
considering  probable  combinations of open  circuits.  The  resulting  components 
of the  torque  as a function  of  are  shown  in  figure ll. It  can  be  seen  that 
the  torque  curves  for  Echo I1 are  the same as  the  curves for the  uniformly  con- 
ducting  spherical  shell  except for a reduction  in  magnitude. 

The  orientation  for  case I1 is  shown  in  figure 12. Consider  the  ring 
inclined  at  the  angle T to  the  XY-plane.  The flux through  this  ring  is 

= firs B(COS a cos T - sin a sin T cos  (ut) 2 (34) 

where 

Thus, the  potential  induced  in  the  ring  is 

The  current  flowing  along  the  gore  (at T) is 

i = -%rs B sin a sin i sin ut 2 
R 

Again,  the  torque  on  the  ring  is  obtained  from 
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h - j s i n  T s i n  $ + k cos T) X (a s i n  a + k cos a)  
h h 

+ j ( C 0 S  T Sin a + s i n  T cos a cos $) + k s i n  T s in  a s i n  (37) 
A .  h 

Averaging  over $ = at and  using B2 = Ba2(1 + 3 cos2p)  gives 

T = -%a2~2rs4 (1 + 3 cos2p) (-? sin2T  cos a s i n  a + sin2.r sin2a) ( 3 8 )  + 
2R 

To get   the   total   torque  the sum over T = n A$ i s  required - t h a t  is ,  

The resu l t ing  components of this   torque as a function of p are   ind ica ted   in  
f igure  13, where equation ( 3 9 )  has  been  divided  by  the  factor 3 t o  account f o r  
open c i r cu i t s .  

It should  be  noted that i n  i t s  o rb i t  around  the  ear th   the  satel l i te  will 
encounter a varying  magnetic  field. However, since (0 i s  much larger   than  the 
r a t e  of revolution of t h e   s a t e l l i t e  around  the  earth, it can  be assumed t h a t  
the  direct ion of t h e   f i e l d  does  not change appreciably  during a ro ta t ion  of the  
s a t e l l i t e  about i t s  ax is .  The e f f ec t  of t he  time  varying  earth's  magnetic 
f ie ld   with  respect   to   the  coordinate  system f ixed in t h e   s a t e l l i t e  can there-  
fore  be neglected. The problem  of a s a t e l l i t e  which remains s ta t ionary   re la -  
t i ve   t o   t he   coo rd ina te  system moving with it i n  i t s  o rb i t  around the  ear th   has  
been  considered  by Zonov (ref .   24) .  

COULOMB TORQUE 

The  Coulomb torque i s  due t o  unsymmetrical  accretion of ions. The polar i -  
zation of t h e  satell i te causes more ions  to   be  intercepted by the more negative 
s ide of t he   s a t e l l i t e   t han   by   t he  more posi t ive  s ide.  Thus an  unsymmetrical 
t r ans fe r  of momentum occurs which results i n  a torque on t h e   s a t e l l i t e .  The 
contribution  to  the  torque from the  ions  that   are   def lected  but  do not   s t r ike  



the  satellite  is  negligible as indicated by  Jastrow  and  Pearse  (ref. 17) and  by 
Hohl  and  Wood  (ref. 10). To obtain  the  Coulomb  torque  the  ion  trajectories 
might  first  be  calculated;  this was done  by  Hohl  and  Wood  in  reference 10 for 
Explorer IX (1961 Delta 1). The maximum impact  parameters for impingement 
obtained  from  these  trajectories  are in reasonably  good  agreement  with  the 
theory  given by Jastrow  and  Pearse.  Thus,  even  though  the  satellite  potential 
is  not  spherically  symmetric,  the  Jastrow-Pearse  theory  applied  to a point  of 
the  satellite  surface  gives  the  approximate  thickness  of  the  sheath  at  that 
point. A comparison  of  sheath  thickness  as  determined  from  calculations  of  ion 
trajectories  with  that  given  by  the  Jastrow  and  Pearse  theory  is  given in the 
appendix. 

If the  Coulomb  torque  were  found  to  be a considerable  fraction  of  the 
torque  required  to  balance  the  eddy-current  torque, a more  exact  method  would 
have  to  be  used  in  calculating  the  Coulomb  torque.  However,  since  the  Coulomb 
torque  will  be  found  negligible  compared  with  some  of  the  other  torques, a 
10- to  30-percent  uncertainty  in  it  will  not  affect any of  the  results.  Thus, 
the  effective  satellite  radius  for  ion  interception  can  be  sufficiently well 
approximated  by  the  Jastrow  and  Pearse  result  (eq. ( 9 )  ) . 

The  calculation  of  the  Coulomb  torque  is  simplified  if  the  sate+llite 
coordinate  system  shown  in  figure 14 is  used. The magnetic  field B and  the 
satellite  velocity qs are  then  in  the  XY-plane  and  the  satellite  potential $s 
is  given  by 

If it  is  assumed  that  the  ions  transfer  their  momentum  to  the  satellite  at 
the  point  where  they  are  intercepted  by  the  sheath,  the  magnitude  of  the  torque 
can  be  approximated  as 

Equation (41) gives  the  torque  for  the  condition  in  which  the  ions  that  strike 
the  satellite  "stick"  to  the  satellite  surface. If the  ions  strike  the  satel- 
lite  surface  and  are  reemitted,  the  torque  will  be  different. If the  ions 
strike  the  surface  and  are  reemitted  as  neutral  particles,  the  contribution  to 
the  torque  resulting  from  the  neutralized  ions  recoiling  from  the  front  surface 
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of  the  satellite  would  have  to  be  considered;  that  is,  most  of  the  ions  which 
strike  the  satellite  surface  have  been  accelerated  by  the  electric  field  of 
the  satellite  and,  hence,  if  the  ions  are  reflected  as  neutral  particles, 
their  final  velocity  after  reflection  will  be  much  larger  than  their  initial 
velocity.  The  radial  component  of  the  electric  field of the  satellite will 
accelerate  the  ions in such  a  manner  that  they  cannot  contribute  to  the  torque. 
However,  since  the  potential  around  the  satellite  is  not  completely  radial,  the 
neutralized  ions  recoiling  from  the  front  surface  of  the  satellite  with  a 
velocity  larger  than  their  initial  velocity  would  produce  a  torque.  The  compu- 
tation of this  torque  is  complicated  because  the  ion  trajectories  must  all  be 
computed. An approximate  method  used  to  calculate  the  torque  due  to  the 
recoiling  neutralized  ions  yields  results  of  the  same  order  of  magnitude  as 
those  obtained  by  use  of  equation (41) for the  Coulomb  torque. For the  present 
calculation,  only  the  torque  due  to  the  impingement,  and  not  the  reemission,  of 
the  ions  is  considered. 

With  reference  to  figure 4, the  torque  is  found  to  be  either  parallel  or 
anti-parallel to the  radius  vector  from  the  center  of  the  earth  through  the 
center  of  the  satellite - that  is, 

The  components  of  the  torque  as  calculated  for  Echo I1 by use of  equations (41) 
and (42) are  shown  as  a  function  of p in  figure 15. Note  that  the  torques 
are  always  referred  to  the  coordinate  system  shown  in  figures 4 and 5. 

INDUCTION TORQUE 

The  induction  torque  is  by far the  largest of the  accelerating  torques and 
is considerably  more  difficult  to  compute  than  any of the  other  torques. To 
determine  the  torque  resulting  from  the  unsymmetrical  accretion  of  charge,  the 
current  distribution  over  the  satellite  surface  must  be  found.  The  current 
distribution  is  calculated  for  a  uniformly  conducting  spherical  satellite  and 
for  Echo I1 where  the  spherical  shell is made up of  gores  that  are  electrically 
connected  together  only  near  the  poles. 

To obtain  the  current  distribution  for  a  uniformly  conducting  spherical 
satellite,  the  coordinate  system  shown in  figures 4 and 5 is  used. By addition 
of equations (5) and (10) the  current  density  to  a  point  on  the  satellite  sur- 
face  without  photoelectric  emission  is 



If the  increased  satellite  cross  section for ion  interception  is  neglected  in 
the  calculations  of  the  inductlon  torque,  the  resulting  error  is  less than 
1 percent.  Using  the  approximate  expression  for  the  effective  cross-sectional 
area  given by equation ( 9 )  makes  the  error  even  smaller. 

-3 
Let js be  the  surface  current  density  over  the  satellite  surface.  Then 

ys can  be  expressed  as 

where y is  determined from 

In finite  difference  form  equation (45) becomes 

where A8 and A$ represent  the  separation  of  the  mesh  point  used  in  the 
numerical  solution.  The  values  of  subscript m are 1, 2,. . ., M and  those 
of  subscript n are 1, 2, 3 , .  . ., N. The  mesh  points  are  specified  by 

8, = (. - $)AB 

The  boundary  conditions  are 

yN+l,m = yN,, +" 
2 

'0,m = 'l,m+ E 
2 

yn,M+1 = yn,l 

- 
yn,O - yn,M 1 

(ae = $) (48) 

(49) 
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The equation  actually  used for the  numerical  solution on the IBM 7094 data  
processing  system was of t he  form 

where f( = -(je + ji) and v i s  a variable (1 < v < 2) which w a s  used 
t o  speed  convergence  and the  magnitude of which w a s  determined by the   r a t e  of 
convergence. The superscript  (r)  indicates  the r t h  i t e r a t ion .  The torque 
due t o  the  surface  currents i s  determined from 

= L2' &* [?s x ( jfs x g)lrs2sin 8 de d+ 

or 

+ cos e cos + cos a - s i n  e s i n  $ s in  a)  2 

+ s i n  e cos $ s i n  a)  + jJr cos $ ( c o s  e cos a 

+ s i n  0 cos $ s i n  ad s i n  8 dB d$ ( 5 3 )  
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The two components of 3; are given by 

and 

j$ = 
Yn,m-l - 7n,m+1 
2 A$rs s i n  8 

By using  the results of the  numerical   solutions  for j, and j$, the  compo- 

nent s of T are  obtained from 
+ 

+ sin  cos  $n s i n  a) + (js> (cos qm cos en cos a 
n, m 

+ s i n  en cos $m s i n  a j  s i n  8, A8 A$ 

- COS 8, COS a1 s i n  8, A8 A$ ( 5 9 )  

The induction  torque f o r  the  uniformly  conducting satell i te without  photo- 
emission as given  by  equations (37) and (59) i s  shown in   f i gu re  16. No 
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Ty component  is  shown  in  figure 16, since  the  computed value of Ty was 
smaller  than  the  error  in  the  numerical  computations. 

If photoemission  is  included  in  the  determination  of  the  induction  torque, 
then  the  orientation  of  the  satellite  orbit  with  respect  to  the  earth-sun  line 
must  be  specified. The induction  torque  with  photoemission  is  calculated  for 
two  orientations.  With  reference  to  figures 4 and 5, for  orientation I the 
solar  radiation  is  taken  to  be  incident  along  the X - a x i s  of  the  satellite 
coordinate  system.  Thus  the  torque  needs  to  be  calculated  only  for  the  part  of 
the  orbit  during  which  the  satellite  is in sunlight.  The  function f On,Jrm 
appearing  in  equation (50)  must  be  modified  from  the  expression  given  in  equa- 
tion (43) by adding  the  photoelectric  emission  current,  as  used in equation (15) 

0 

where 

€p = 1 (cos Jr 2 0) 

E p  = 0 (cos * < 0) 
} (61) 

The  calculation  of  the  current  distribution  and  of  the  induction  torque 
for  the  satellite  with  photoemission  then  proceeds  the  same  as  that  for  the 
uniformly  conducting  satellite  without  photoemission.  The  resulting  torque  for 
the  uniformly  conducting  satellite  with  photoemission  for  orientation I is 
given  in  flgure  l7(a).  Note  that  for  one-half  of  the  orbit  the  torque  without 
photoemission  is  shown  since  during  about  one-half  of  the  orbit  the  satellite 
is in  the  earth's  shadow. 

With  reference  to  figures 4 and 5 ,  the  satellite  orbit for orientation I1 
is  such  that  the  solar  radiation  is  incident  along  the  Y-axis  of  the  satellite 
coordinate  system.  The  satellite  will  then  remain  in  sunlight  during  the 
entire  earth  orbit.  Now, f (On,$m) must  be  modified  from  the  expression  given 
in  equation (43) by  adding 

where 

The  resulting  torque  for  the  uniformly  conducting  satellite  with  photoemission 
for  orientation 11 is  given  in  figure  17(b). 



The torque  for a sphe r i ca l   s a t e l l i t e  made up of 106 gores i s  calculated 
next. It i s  assumed that  the  current  f low i s  only  along  the  gores. Also, the 
gores  are  connected  near  the  poles so  that the  current can  flow from one gore 
into  another. For calculation of the  torque  the  orientation of t h e   s a t e l l i t e  
with  respect   to  i t s  spin axis i s  shown in   f i gu re  18. 

The curren t   in  each  gore must be  determined. The current  flowing  into  an 
element of surface of the  nth  gore i s  given  by  (see  eqs. ( 5 )  and (10) ) 

dIn( p,8) = nae lsrFr (,OS j3 s i n  8 cos qn - s i n  p cos e ) ci 

+ cos a cos 8 ex-p "% A$rs2sin 8 d8 I (2r m)i 
where 

qn = n A$ = n(2') (n =0,1,2,. . .,105) (63) m 

and a, ~ i ,  €6, and flS are  given  by  equations ( 3 ) ,  (11) , (7 ) ,  and (6), 
respectively. The total   current  f lowing  in  the  nth  gore  ( in  the  @-direction) 
a t  8 i s  then 

where 

and 
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The resis tance R as given i n  equation (69) i s  the   res i s tance  of one gore 
between t h e  two ends where it is e l e c t r i c a l l y  connected to   the  other   gores  and 
E i s  the  angle  from  the polar axis to   the  connect ing  r ing as shown i n   f i g -  
ure 10. An addi t ional   current  I n ( p )  must flow in   the   n th   gores  of such mag- 
nitude that the  voltage  difference  across  that   gore i s  equal   to   the  average of 
the  voltage  differences  across a l l  gores  due to   t he   cu r ren t s  in(p,f3).  

The force on an  element of a gore dZ ( f ig .  18) i s  then  given  by 

The corresponding  torque i s  

The result ing  torque on one of the  gores i s  

+ cos 8 cos 
L 

+ cos a cos e s i n  0 s i n  8 cos Jln s in  a ( - 
+ COS e COS 

By summing over a l l  gores, the to t a l   t o rque  becomes 

(74) 

Equation (75)  has been  numerically  integrated. The result ing  torque as a func- 
t i o n  of p f o r  Echo I1 without  photoemission i s  shown i n   f i g u r e  19. 



A s  was done  for  the  uniformly  conducting  satellite,  photoemission  is  next 
included  and  the  induction  torque  is  calculated  for  two  orientations  of  the 
satellite  orbit  with  respect  to  the  earth-sun  line.  Again,  for  orientation I, 
the  solar  radiation i s  taken  to  be  incident  along  the  X-axis  of  the  satellite 
coordinate  system.  Equation (64) must  then  be  modified  to 

+ 5 X 10’5sin 8 cos  A$rs2sin 0 de I 
With  expression (76) being  used  for dIn( p,e),  the  method  of  calculating  the 
induction  torque  for  Echo I1 with  photoemission  is  exactly  the  same  as  that  for 
Echo I1 without  photoemission.  The  resulting  torque for Echo I1 with  photo- 
emission for orientation I is  shown  in  figure 20(a). 

For orientation I1 the solar radiation  is  incident  along  the  Y-axis  of  the 
satellite  coordinate  system.  Therefore,  equation (64) must  be  modified  to  read 

p sin 8 cos - sin p cos 8 ei ) 

+ 5 X l0-5sin 0 sin  A$rs2sin 0 de 1 (77) 

The induction  torque  for  Echo I1 with  photoemission  for  orientation I1 is  given 
in  figure 20(b). 

The  induction  torque  for  Echo I1 for the  orientation  shown  in  figure 12 
should  be  calculated  next.  This  induction-torque  calculation  is a much more 
arduous  task  than  the  calculation  for  the  orientation  shown  in  figure 11 inas- 
much  as  the  torques  must  be  averaged  at  each  satellite  location  over  one  com- 
plete  revolution of the  satellite  about  its  spin  axis.  Because  of  the  more 
difficult  calculation  and,  also,  because  approximate  calculations  made  by  the 
author  have  shown  that  there  is  no  appreciable  difference  in  the  induction 
torque  for  the  two  orientations,  the  induction  torque  is  not  calculated  for  the 
orientation  shown  in  figure 12. 
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OTHER P0SSIBI;E SOURCES OF TORQUE 

Several phenomena other  than  the  aforementioned  ones may produce  torques 
on the  satell i te.  Torques may r e s u l t  from the dens i ty   g rad ien t   in   the  atmos- 
phere or  from the  radiat ion  pressure.  The result ing  torques,  however, are 
be l ieved   to   be  small compared with  the  eddy-current  and  the  induction  torques. 
The aerodynamic torque  resul t ing from the  spin  should  be  calculated. Under the  
assumption t h a t  a l l  neu t r a l   pa r t i c l e s   s t r i k ing   t he  satellite are d i f fuse ly  
re f lec ted ,   the  aerodynamic  torque  can  be  approximated by an  expression  given i n  
reference 26 as ( r e f e r   t o   f i g s .  4 and 5 )  

For values of p near n/2, equation (78) i s  no longer  valid and the  torque i s  
given  by  (ref. 26) 

The result   for  these  approximations of the aerodynamic  torque as app l i ed   t o  
Echo I1 i s  shown i n  figure 21. In  equation (79) the  thermal motion of the  ions 
has  been  neglected. The free molecule  drag  torque due to   the  thermal  motion i s  
given  by  Harbour  and  Lord (ref. 27) as 

The aerodynamic torque i s  qui te  small compared w i t h  the  induction and the  eddy- 
current  torques. 

EZEXTRIC ClLRRXNTS IN SATELLITE SURFACE 

The currents  f lowing  in  the  surface  of Echo I1 are due p r imar i ly   t o  eddy 
currents,  photoemission,  and  accretion of e lectrons and  ions. To compare the  
various  currents, a co la t i t u t e  J3 of 0.7 radian was  chosen. The eddy current 
(case I) flowing  along a gore is, by  equation (30) , 

i o  = -gm” B s i n  a cos qn (U 2 

This current i s  constant  along a c i r cu la r   r i ng  made up  of two gores. For 
p = 0.7 radian the currents   in   var ious  gores   are  



i e  = -4.2 milliamperes f o r  qn = 0 

i o  = -2.4 milliamperes fo r  qn = 1.00 rad ian  

i e  = -1.0 milliamperes  for Jrn = 1.14 radians 

i e  = -2.7 milliamperes f o r  qn = 2.43  radians 

The corresponding  induction  currents  without  photoemission as determined from 
equation (66) are shown i n  figure 22. The induction  current i s  not  constant 
along a gore  since it i s  determined  by  the  accretion of e lectrons and ions by 
the  satellite. The var ia t ion of the  induction  current  for  several   gores  with 
photoemission for   o r ien ta t ion  I and for   o r ien ta t ion  I1 i s  shown i n  figure 23. 

The induction  current  densit ies  for  the  uniformly  conducting  satell i te 
without  photoemission  for  several  values  of 8 '  are shown i n   f i g u r e  24. For 
the  uniformly  conducting  satellite two components of the  surface  current 
density must be  determined  since  the  current i s  no longer   res t r ic ted  t o  flow 
along  the  gores. Also, the  induct ion  current   densi t ies  shown i n  figures 24 t o  
26 are r e fe r r ed   t o   t he  satell i te coordinate  system shown in   f i gu re  14. 

The var ia t ion of  induction  current  density  for  the  uniformly  conducting 
satell i te with  photoemission for orientat ion I and for   o r ien ta t ion  I1 i s  shown 
i n  figures 25 and 26, respectively.  

COMPARISON OF TORQUES 

When comparing the  torques it should  be  noted  that a l l  the  torques are 
referred t o  the   sa te l l i t e   coord ina te  system i n  figure 5. The re su l t s  of the  
calculations  indicate that only  the  eddy-current and the  induction  torques  need 
be considered in   a t t empt ing   t o   f i nd  a balance  of  the  torques  acting on a sa t e l -  
l i t e .  The induction  torque  does  not depend on the  value of the   sur face   res i s -  
t iv i ty  S used in   t he   ca l cu la t ions .  For the  uniformly  conducting  satell i te,  
S does  not  even  appear in   the  equat ions.  For Echo 11, D( p )  and ern( p)  are 
both  proport ional   to  S and the i r   d i f fe rence  i s  then  divided by R, which i s  
also  proportional t o  S. By contrast,  the  eddy-current  torque  does depend 
on sur face   res i s t iv i ty .  However, i f  some of the  connections between the  
connecting  ring and the  gores  represent open circui ts ,   then  the  value of the  
induction  torque w i l l  change. 

The average  eddy-current  torque for   the  uniformly  conduct ing  satel l i te  
over one ear th   o rb i t  at u) = 0.063  radian  per  second i s  given i n   f i g u r e  8 as 
(Tz) = 1.4 X 10-3 newton-meter. The average  torque f o r  a rb i t r a ry  CD i s  there- 

fo re  (T,) = -2.2 x l 0 - Z ~  newton-meter.  During a t  l e a s t  one-half of t he   o rb i t  
t h e   s a t e l l i t e  will be exposed to   sunl ight .  The value of the  induction  torque 
w i l l  thus  be  an  average of the  torques  given  in   f igures  l7(a) and l7(b) - t h a t  
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is, (Tz) = -2.2 x 10-5 newton-meter.  The  induction  torque  will  balance  the 
eddy-current  torque  for u) = 10-3 radian  per  second or  for a period of about 
6280 seconds.  Thus,  for a uniformly  conducting  satellite  of  the  same  size  and 
with  the  same  orbit  as  Echo 11, the  equilibrium  spin  rate  should be much  less 
than  that for Echo 11. If the  satellite  is  initially  not  spinning,  then  its 
rate  of  spin  as  determined by the  eddy-current  and  induction  torques  will be 
given by 

u) = -10-3 - exp( -2.8 X lO-7tI (81) 

The  time  constant  involved  in  equation (81) is  about 2 months. 

The  average  eddy-current  torque  for  Echo 17: over  one  earth  orbit  for  the 
orientation  shown  in  figure 10 is  found  from  figure ll to  be 8.6 X 10-5 newton- 
meter. For the  orientation  shown  in  figure 12 the  average  eddy-current  torque 
from  figure 13 is 4.3 X 10-5 newton-meter . The  actual  eddy-current  torque  for 
Echo I1 should  be  bounded by these  two  values. For the  induction  torque  the 
average of the  values  given  in  figures  20(a)  and  20(b) - that  is 
-3.7 X 10-5 newton-meter - should  be  used.  It will be  noted  that  the  eddy- 
current  torque  and  the  induction  torque  are of the  same  order of magnitude. 
Thus,  considering  the  uncertainties  in  the  electrical  properties of Echo 11, 
the  agreement  between  the  accelerating  and  retarding  torques  is  good. 

The  exact  value  of  the  induction  torque will depend  on  which  gores  are 
electrically  connected  to  the  connection  ring  and  which  are  not. For example, 
if  every  other  gore  is  not  connected  to  the  top  connecting  ring  (see  fig. 9 ) ,  
then  for a value  of p = 5.97 radians  the  induction  torques  are 

Without  photoemission: 

T, = -5.8 X 10-5 newton-meter 

With  photoemission,  orientation 11: 

T, = -1.5 X 10-4 newton-meter 

For the  results  presented  in  figures 19 and 20, the  corresponding  torques  under 
conditions  where  all  gores  are  electrically  connected  to  the  connecting  ring 
are 

Without  photoemission: 

T, = -1 .3 x 10-5 newton-meter 

With  photoemission,  orientation 11: 

T, = -1.1 X 10-4 newton-meter 



However,  when the  average  torque  over one ear th   o rb i t  i s  computed fo r   t he  satel- 
l i t e  with open c i r c u i t s  as previously  defined,  only a s l igh t   increase   in   the  
induction  torque i s  obtained. It i s  the  author 's   opinion  that  any other 
arrangement of open c i r c u i t s  w i l l  not  appreciably  increase  the  average  induc- 
tion  torque.  Therefore, when e lec t r ica l   cont inui ty  i s  considered,  the eddy- 
current  torque  and  the  induction  torque  are  found  to  be  nearly  equal  in magni- 
tude. An in te res t ing   fac tor   in   the   sp in   h i s tory   o f  Echo I1 i s  that the  spin 
rate   increases  slightly during  the  periods when the  satellite orb i t  i s  100 per- 
cent in   sunl ight .  These observations  are  in agreement with  the  results  pre- 
sented  in figures 19 and 20 where the  induction  torque i s  much la rger   in   the  
presence  of  photoemission. 

It i s  of i n t e re s t   t o   f i nd   t he  time i n  which Echo 11 would achieve a steady 
spin  ra te  i f  CD were ze ro   i n i t i a l ly .  Note that  since  the  induction  torque i s  
negative  for Echo 11, t h e   f i n a l  (fi a l so  will be  negative. For t he   r e su l t s  
given in   f i gu re  ll (case I), the  eddy-current  torque for a rb i t r a ry  ru i s  
1.4 X lo-% newton-meter. Therefore,  the  spin  rate of  Echo I1 as determined by 
the  eddy-current  and  induction  torques i s  given  by 

The time  constant  involved  in  equation  (82) i s  about 22 months. 

If the  eddy-current  torque  for  the  orientation shown in  f igure  12 
(case 11) i s  used and i f  the  average  induction  torque i s  assumed t o  remain 
unchanged  from the  previous  orientation,  then  equation  (82) becomes 

The time  constant  involved  in  equation (83) i s  about 44 months. 

Table I1 summarizes the  different  torques fo r  Echo I1 and for   the  uni- 
formly  conducting s a t e l l i t e  a t  the   ra te  of spin  indicated. 

CONCLUDING F3WUKS 

It was found that only  the  eddy-current  torque  and  the  induction  torque 
had t o  be  considered i n  obtaining a balance of the  accelerating and the  
retarding  torques. For Echo I1 (1964 4A) the  calculated  equilibrium  rate of 
spin i s  between -2.7 X 10-2 and -5.3 X 10-2 radian  per second which i s  c lose   t o  
the observed  spin r a t e  of -6.3 X 10-2 radian  per second.  Therefore,  the  prob- 
able  explanation of the  constancy of the  ra te  of spin of Echo I1 i s  tha t   the  
eddy-current  torque and the  induction  torque were in  balance and that a l l   o t h e r  
torques were negligible.  Also, since  the  induction  torque i s  negative,  the 
spin axis should  point in  the  negative  z-direction. 



I 

It should  be  noted  that Echo I1 was spinning at a rate of about 1 revolu- 
t i on   pe r  100 seconds f o r  9 months after  launching. It i s  a l s o  known t h a t  this 
sp in   r a t e  was established  during  the first o rb i t .   I n   t he  light of the  present 
analysis,  however, it i s  hard t o  escape  the  conclusion  that   the   ini t ia l   spin 
vector only by chance closely approximated the  equilibrium  spin  vector. 

The surface  current was found t o  be of the  order of several  milliamperes 
per  meter. Whether currents of t h i s  magnitude  would interfere  with  experiments 
onboard a s a t e l l i t e  w i l l  depend on the   par t icu lar  experiment t o  be  performed. 

Langley  Research  Center, 
National  Aeronautics  and Space Administration, 

Langley S t a t i o n ,   h p t o n ,  Va., November 1, 1965. 



APPENDIX 

COMPARISON OF EFFECTIVE SATELLITE RADII 

By use  of  the method given  by Kohl and Wood in   reference 10 the   po ten t ia l  
d i s t r ibu t ion  and the   i on   t r a j ec to r i e s  have  been calculated  for  two values  of p 
(without  photoemission). The po ten t i a l   d i s t r ibu t ion  i s  shown i n  figures 27(a) 
and  27(b) f o r  p = 0.4 and 1.39 radians,  respectively. The corresponding  ion 
t r a j ec to r i e s   i n   t he   p l ane   de f ined   by   t he   s a t e l l i t e   ve loc i ty   vec to r  and the  
Y-axis  of the   sa te l l i t e   coord ina te  system ( f i g .  5 )  are  shown in  f igures   28(a)  
and 28(b). 

Considering  the  trajectories  given  in  f igure  28(a)  values  obtained  for 6 
a r e  7 and 0 Debye lengths for 8 = 0 and 8 = fl, respectively.  The corre- 
sponding  values  obtained  by  using  the result o f  Jastrow and Pearse  (eq. (9 ) )  
are 5.5 and 0 Debye lengths.  For p = 1.39, values  of 6 obtained from f i g -  
ure  28(b) are 12 and -1.1 Debye lengths,  whereas  the  corresponding  values 
obtained from equation (9) a re  I5 and  -2 Debye lengths. 
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TABU I.- ATMOSPHERF: AND SATELLITE  PARAMETERS 

AT 1200-KILOMETER ALTITUDE 

Atmosphere : 
Total mass density. kg/& . . . . . . . . . . . . . . . . . . . .  
Ion mass density. kg/m3 . . . . . . . . . . . . . . . . . . . . .  
Ion or electron number density. m-3 . . . . . . . . . . . . . . .  
Ion  temperature. OK . . . . . . . . . . . . . . . . . . . . . . .  
Electron  temperature. O K  . . . . . . . . . . . . . . . . . . . .  
Debye length. m . . . . . . . . . . . . . .  
Ion (He') thermal  velocity. m/sec . . . . .  
Electron  thermal  velocity. m/sec . . . . .  
Ion mean f r e e  path. m . . . . . . . . . . .  
Electron mean free  path.  m . . . . . . . .  
Ion  radius .. gyration. m . . . . . . . . .  
Electron  radius  of  gyration. m . . . . . .  
Revolutions  per  coll ision  for  ions . . . .  
Revolutions  per  coll ision  for  electrons . . 
Magnetic f ie ld   (over  magnetic  pole). m/m2 

. . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  

. . .  10-15 

. . .  1010 

. . .  103 
1.6 X 1 0 3  

2.7 X 10-2 

2.5 X 1 0 3  

2.6 X 104 
3.2 X10 4 

. . .  3.6 
5.1 X 

1.1 X 103 
. . .  105 
3.8 X 10-5 

10- 16 . . .  

2.7 X lG 

Echo 11: 
Velocity. m/sec . . . . . . . . . . . . . . . . . . . . . . . . .  7.3 X 1 0 3  
Radius. m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20.5 
Spin  rate.  rad/sec . . . . . . . . . . . . . . . . . . . . . . .  6.3 X 

Surface  res is t ivi ty .  R . . . . . . . . . . . . . . . . . . . . .  6.7 X 10-3 
Moment of i ne r t i a .  kg-m 2 . . . . . . . . . . . . . . . . . . . .  7.96 X104 

Mass. kg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  252.9 
Temperature.OK . . . . . . . . . . . . . . . . . . . . . . . . . . . .  313 
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TABLE 11. - AVERAGE OF TORQUES OVER ONE EAFE'H ORBIT (Tz) 

-~ - 

Torque 

~ -~ 

Eddy-current  torque, N-m . . . 
Surface  charge  torque, N-m . . 
Aerodynamic  torque, N-m . . . 
Induction  torque, N-m . . . . 
C o u l o m b  torque, N-m . . . . . -7 x lo-'( 

Uniformly  conducting 
satellite 

(u = rad/sec) 

2.2 X 10-5 

6 x 10-23 

1.3 X 10-9 

-2.2 X 10-5 

-7 X 10-7 



Increased cross section 

- 
Ion trajectories 

Figure 1.- Coulomb drag only, no torque. 
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Increased  cross  section I 

0 

0 

0 

0 

0 
4 

0 0 0 0 

Ion trajectories 

Figure 2.- Coulomb force and Coulomb torque. 

. . .. 



Electrons 

Figure 3.- Induction torque. 
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zs 
- 
B 

A 

South Pole 

Figure 4.- Sa te l l i t e   o r ien ta t ion   wi th   respec t  t o  the   ear th .  
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Figure 5.- Spherical and Cartesian coordinate systems used f o r   f i n d i n g  fles. 
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rs, meters 

Figure 6.- Equilibrium potential without photoemission as  a function of satellite radius. 
Vs X B = 0.22 voltlmeter. 
4 4  
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4 

v1 
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b 
0 

-2 

-1 

p ,  radians 

(a) Without photoemission. 

-4"- 
-2 

Calculated $eq 

0 $eq = -0.165 - 1.6881  COS^ I 

I I 1 1 
0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 

8, radians 

(b) With photoemission. 

Figure 7.- Equilibrium potential as a function of colatitude for Echo 11. 
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5.0 x 10" r 
2.5 

0 

-5.0 1 I 1 ~ .. I .L "" . 1 1 .  . . 1 . . - 1  . . . _J 
0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 

f3, radians 

Figure 8.- Eddy-current  torque for uniformly  conducting  spherical  shell. 
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+ 64-6m 
(a) Gore. 

Conducting ring Pole cap 

(b) Polar end construction. 

Figure 9.- Construction of Echo I1 satellite. 
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Z 

Connecting  ring Connecting  ring 

-Y 

X J 
Figure 10.- Satellite orientation for calculation of eddy-current  torque. Case I. 
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3. 

2. 

m 
k 
a, * 
E" 1. 
A 

2 
s o  z 
i: 

0 

B 

-1. 

-2. 

<T,> = 0 

<TZ> = 8.6 x newton-meter 

.4 .8 1.2 1.6 2.0 2.4 2.8 3.2 

8 ,  radians 

Figure  11.- Eddy-current torque for Echo 11. Case I. 
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Z 

Figure E.- Satellite  orientation for calculation of eddy-current  torque.  Case 11. 
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1.5 

1.0 

-.5 

-1.0 

<T,>= 0 

<T,> = 4.3 x 10-5 newton-meter 

<T,>= 0 

<T,> = 4.3 x 10-5 newton-meter 

I i i i i i i i 
0 .4 . a  1. 2 1.6  2 .0 2.4 2.8 3.2 
I I i i i i i i i 
0 .4 . a  1. 2 1 .6  2.0 2.4 2.8 3.2 

8, radians 

Figure 13.- Eddy-current  torque for Echo 11. Case 11. 
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Z 

Figure 14. - Coordinate system used for calculating Coulomb torque. 



1. 5 

1 .o 

.5 

2 

r 6  
<Tz> = -7.0 X newton-meter 

L $,, = -0.2 - 4.361  COS^( 

L 
-1.5 

I 

0 .4 .8 1.2 1.6 2.0 2.4 2.8  3.2 

B, radians 

Figure 15.- Coulomb torque  for  Echo 11. 
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-16 1 I ~~ 1 -  I .. I . "  - I  I I .. I 

0 .8 1.6 2.4  3.2  4.0 4.8 5.6 6.4 

8, radians 

Figure 16.- Induction  torque for uniformly  conducting  satellite  without  photoemission. 



1.0 x 10-4, - I 

I 
I 

- 
with photoemission (Orientation I) I Without photoemission 

.5 - 
<Tz> = -1.72 x newton-meter 

I 
I 

I 
-1.5 - I I I II 1 ~- 

0 .a 1.6 2.4  3.2  4.0 4.8 6.6 6.4 

8, radians 

(a)   Or ien ta t ion  I. 

.8 x 10" 
r <T,> = -2.86 x 10-5 newton-meter 

B. radians 

(b) Orienta t ion  11. 

Figure 17.- Induct ion  torque for uniformly  conducting  satell i te  with  photoemission. 
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Y 

Figure 18.- Or ien ta t ion  of gores f o r  calculat ing  induct ion  torque.  
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3.0 x 10-5 r ' 

-3.0 1. -r I 1 I I I I 1 
0 .a 1.6  2.4  3.2  4.0  4.8  6.6  6.4 

8, radians 

Figure 19.- Induction torque f o r  Echo I1 without  photoemission. 
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<Te> = -2.7 x newton-meter 

I 
I I I 1- L ""L ! -1.6 I ! 

0 .8 1.6 2.4 3.2 4.0 4.8 5.6 6.4 

p, radians 

(a) Orientation I. 

(T& = 0 

<Tz> = -4.6 x newton-meter 

-.8 

-1.2 

p ,  radians 

(b) Orientation 11. 

Figure 20.- Induction torque for Echo I1 with photoemission. 



0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 

p ,  radians 

Figure 21.- Aerodynamic  torque of Echo 11. 
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1.01 
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4.80 

- 

-.4 I I I I I I I J 
0 .4 .8  1 . 2  1 .6  2.0 2.4 2. a 3.2 

8, radians 

Figure 22.- Variation of  induction  current for Echo I1 for several  gores  without  photoemission. p = 0.7 radian. 
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(a) Orientation I. 
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-4 

-8.01 I I I 1 I I I - I  
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Figure 24.- Variation of induction  current  density  for  uniformly  conducting  satellite  without  photoemission. 
p = 0.7 radian. 
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I I I I I I I I .a  1.6 2.4 3.2 4.0 4.8 5.6  6.4 0 

$', radians 

(8) j o 1 .  

$' , radians 

(b) jql .  

Figure 25.- Variation of induction current density for uniformly conducting satellite with photoemission 
for orientation I and p = 0.7 radian. 
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2 X 10-4 
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G' , radians 

GI, radians 

(b) 391. 

Figure 26.- Variation of induction  current  density for uniformly  conducting  satellite  with  photoemission 
f o r  orientation I1 and p = 0.7 radian. 
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( a )  p = 0.4 rad-ian. 
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0 .4 .8 1.2 1.6 2.0 2.4  2.0 3.2 

8 ,  radians 

(b) p = 1.39 radians. 

Figure 27.- Poten t ia l   d i s t r ibu t ion  around the s a t e l l i t e .  5 ,  = 741.95 Debye lengths. (. = g.) 
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(a) p = 0.4 radian. 

(b) p = 1-59 radians. 

Figure 28.- Ion  trajectories for Echo 11. s s  = 741.95 Debye  lengths. 
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